This paper discusses the design of electrically-pumped AlGaN-based in-plane lasers emitting at ∼290 nm. Our laser design utilizes strained Al 0.5 Ga 0.5 N quantum wells, and a novel polarization engineered AlGaN/InGaN/AlGaN-based tunnel junction. The low resistive tunnel junction is used as an intracavity contact in the device in place of the resistive p-type contact; which leads to improved hole injection and a reduced threshold voltage. Hence, room-temperature continuouswave laser operation could be enabled. Strategies to improve the performance of the tunnel junction contact through the incorporation of low concentrations of boron in the highly-doped AlGaN tunnel junction layers as a means to increase the polarization sheet charge are also discussed.
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. Introduction
Since the first demonstration of the GaN blue laser diode by Nakamura and coworkers in 1996 [1] , the performance of laser diodes based on the III-nitride material system continue to improve. This has led to the commercialization of GaN blue laser diodes that are capable of outputting several Watts of power in the wavelength range of 400-500 nm [2] . Despite these excellent demonstrations of aluminium-free nitridelasers, UV lasers based on AlGaN has still remained a challenge.
Over the last decade or so, a significant amount of research has been devoted towards demonstrating UV-lasers by various research groups [3] . This is mainly because these lasers can enable a number of important and emerging applications including phototherapy in the medical sector [4] , water sterilization [5] , trace gas sensing [6] , polymer curation, indoor plant growth and horticulture, as well as stimulating the formation of anti-cancerogenic substances [7] . Electrically-pumped lasers have been recently achieved down to 336 nm by achieving low defect density templates, and optimization of materials growth [8, 9] . However, little success has been achieved in shorter wavelength laser diodes for several reasons we outline below.
The principal problems for electrically-pumped AlGaN lasers are related to hole doping, and injection. Light extraction, one of the limiting factors of obtaining high-output power in light-emitting diodes (LEDs), is not an issue in the case of lasers. The combination of extremely high hole ionization energy in AlGaN (400 meV for 70% AlGaN) and high valence band effective mass (>2m e ) leads to highly resistive p-AlGaN layers and challenges in making ohmic p-contacts. This makes it very challenging to reach the threshold current densities required for lasing. For example, a current density of 10 kA cm −2 for a 400 nm pAlGaN layer would require an unrealistic voltage drop of over 200 V [10] . Therefore, an alternate approach such as utilizing buried tunnel junction as an intracavity contact which can reduce electrical losses while maintaining low optical loss is necessary.
The principal advantage of using the tunnel junction over the conventional p-n junction approach includes the ability to achieve low series resistance, low optical loss and low contact resistance. Since the refractive index contrast available in the III-nitride system is low, thick cladding regions are necessary to achieve good transverse optical confinement. This makes series resistance a major challenge. Using a tunnel junction, both cladding layers can be made n-type which provides good optical confinement while still having relatively low contact resistance. In comparison, the p-type AlGaN used in the conventional approach would lead to very high resistance. Secondly, due to the use of n-doped materials on top of the tunnel junction, intravalence-band absorption can be suppressed. In addition, the tunnel junction can be made very thin using polarization engineering to minimize the optical mode confinement factor in this region, leading to low absorption losses. Thirdly, contact resistance in n-AlGaN can be made very low compared to a p-AlGaN layer. Furthermore, the conductivity of a tunnel junction increases with current density and applied voltage. Therefore, hole injection through tunneling can become more efficient at the high current densities necessary for a laser.
Laser design
The edge-emitting lasers designed in this study are based on a sapphire substrate with a μm-thick metal-polar Al 0.7 GaN template. The epitaxial structure of the laser structure begins with a 600nm n + -Al 0.65 GaN layer for the n-side contact. This layer is followed by a 600 nm n-Al 0.65 GaN cladding layer, and a quantum well (QW) active region designed for λ=290 nm emission. This is followed by a top p-waveguide layer and then a 18 nm p-AlN electron blocking layer (EBL). The laser structure is completed with p + -AlGaN/InGaN/n + -AlGaN tunnel junction layers, 600 nm n + -Al 0.65 GaN cladding layer, and a 40 nm reverse compositionally graded heavily-doped n-AlGaN with an Al mole fraction grading from 65% to 15% in order to form the top pside low-resistive ohmic contact. The p-AlN EBL is deliberately placed right above the QWs to improve hole injection. Otherwise, the valence band barrier or positive polarization at the bottom AlN/waveguide interface will jeopardize hole injection into the active region.
The two laser structures designed in this study are expected to enable sufficient carrier injection with a reasonable voltage drop to achieve electrically-pumped lasing. The symmetric FP structure where the QWs are centered with respect to the waveguide are presented in figure 1(a). With this design, the tunnel junction is located just only 100 nm away from the peak of the optical mode. This design leads to a strong overlap of this mode with the highly absorbing tunnel junction. In an ideal case, such a mode should have a node at the position of the tunnel junction to reduce free carrier absorption loss. Therefore, we refined our laser design by deliberately placing the QWs on top of the bottom n-doped waveguide, as shown in figure 1(b). In this configuration, the optical mode overlap with the multi-quantum wells (MQWs) is not the maximum possible level since they are not at the center of the top and bottom waveguide layers. However, the mode overlap with the tunnel junction is reduced since it is farther away from the active region. Hence, this asymmetric design greatly minimizes the optical loss and simplifies the laser structure by retaining the FP configuration.
Materials growth technology selection
The tunnel-injected deep-UV structure will be grown on a metal-polar Al 0.72 Ga 0.28 N/c-plane sapphire template. Both metalorganic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) growth technologies can be used to grow such a structure. Due to the use of the nonconductive substrate, the growth will be initiated by the highly doped n-contact layer. A base structure containing the template, n-contact layer, lower cladding, the optical waveguide and the MQW active region, is first grown using MOCVD. A second 'regrowth' will then be performed using MBE to grow the tunnel junction, top cladding and the top pside contact. Compressively-strained QWs are used in this design to reduce the difference in effective masses between holes and electrons, and thus the difference in density of states in the valence and conduction bands. This enables more gain for a given input current as well as a higher differential gain, both key desirable features of laser gain material. It has already been demonstrated that MOCVD-grown active region exhibits much better optical performance compared to MBE grown active regions. In contrast, MOCVD-grown tunnel junction is found to be highly-resistive due to poor doping of the tunnel junction layers. Furthermore, one achieves relatively sharper interfaces in MBE-grown ultra-thin layers, requiring twofold epitaxial growth in getting functional devices.
Active region and tunnel junction
The active region used in this device consists of three compressively strained 2-nm-thick Al 0.5 Ga 0.5 N QWs separated by 6 nm Al 0.65 Ga 0.35 N barriers. In case of the symmetric structure, the outer parts of the QWs are surrounded by 70nm thick doped Al 0.65 Ga 0.35 N separate confinement layers. The band diagram of the active region is presented in figure 2(a) . Details of this active region to obtain LEDs emitting at 287 nm with 2.8% external quantum efficiency can be found elsewhere [11] .
The tunnel junction layer consists of p figure 2 (b) confirms a sharp band alignment obtained through such a tunnel junction design. Details of this low-resistive and nearly ohmic tunnel junction can be found elsewhere [12] .
Since the expected threshold current for AlGaN based lasers could be high, it is critical to ensure that the series resistance of the device is low. This is the most important advantage of tunnel junctions for electrically injected lasers. Based on previous reports of tunnel junction performance, we can achieve a series resistance lower than 1 mΩ-cm 2 for 75% AlGaN. This corresponds to a resistive voltage drop of less than 5 V at a current density of 5 kA cm −2 . In comparison, if a p-layer was used as the top cladding layer, we can estimate that the series resistance of the stack would exceed 40 mΩ-cm 2 , leading to a voltage drop >100 V for 5 kA cm −2 .
Simulated optical characteristics
The laser is designed so that the optical mode overlap with the MQWs is at the maximum possible level. By definition, the modal gain also is the maximum achievable. As a standard practice, one improves the optical mode overlap with QWs as much as possible while obtaining the reduced mode overlap with the substrate and highly doped contact and tunnel junction layer at the same time. Figure 3 shows the 1D and 2D intensity distribution of the fundamental transverse mode in the ∼290 nm laser structure. The intensity distribution together with the refractive index profile is also shown here. The optical confinement factor Γ of a semiconductor laser is of utmost importance. Considering the material gain curve is constant, increasing the optical confinement factor yields an increase in the modal gain. Figure 3(d) lists the values for Γ in several regions of the laser waveguide by which our design can be assessed. In case of an asymmetric design, as presented in figure 4 , the mode overlap with the It should be noted that the undoped InGaN layer which is as thin as 4 nm located at the center of the tunnel junction in our laser structure will be mainly responsible for the optical absorption since the top and bottom heavily-doped p-and ngrading layers should be depleted of carriers, resulting in minimal absorption loss. Another consideration in this design should be made by the following absorption coefficient which is given as [13] where c is the speed of light, ä 0 the dielectric constant, N and P the electron and hole densities, respectively, and m e , m h , μ e , μ h are the electron and hole effective masses and mobilities, respectively. Thus, the absorption by free carriers gets weaker, the shorter the wavelength. Due to the dependence on λ 2 , this loss mechanism will not be that prominent in the ultra-short wavelength devices.
Unlike the other III-V compound semiconductor-based lasers, III-nitride surfaces provide a reflectivity of only ∼19% from the naturally-cleaved facet at the semiconductor-air interface. This may necessitate a high-reflection (HR) coating on one of the facets in order to overcome the resonator losses.
A metal-dielectric mirror is proven to be a simple solution for high-reflectivity coatings on cleaved-facet edge-emitting lasers. A simple Al 2 O 3 /Al coating with a reflectivity of more than 95% could be used. To circumvent the potential reduction in reflectivity due to the facile oxidation of Al we also propose the use of multi-layer stacked SiO 2 /HfO 2 layers for HR coating as an alternative.
Polarization engineering with boron alloys
We also consider strategies to enhance our proposed design of the AlGaN/InGaN/AlGaN tunnel junction. Boron containing III-nitride alloys are recently being explored for ultraviolet optoelectronics. Alloying the III-nitrides with boron expands the design space across which polarization charges and band gaps can be accessed. While BN is stable in the hexagonal phase, there have been several experimental demonstrations of stable wurtzite BAlN and BGaN alloys [14, 15] . Firstprinciples calculations have shown the fundamental band gap of wurtzite BN (wz-BN) is 6.84 eV and that wz-BN also exhibits the largest spontaneous polarization of the conventional III-nitrides [16] . the interface would decrease the tunneling distance across the junction [17] and decrease the resistance across the tunnel junction. To this end we calculate the magnitude of the bound charge at an AlGaN/In 0.2 Ga 0.8 N interface as a function of Alcontent and a B y Al x Ga (1−y−x) N/In 0.2 Ga 0.8 N interface as a function of Al content for 1% and 4% boron. We use the spontaneous and piezoelectric polarization constants for the III-nitrides obtained from first principles [16, 18] and elastic constants reported in [19] . The spontaneous and piezoelectric polarization constants, lattice constants and elastic tensors are assumed to vary linearly with alloy content. These results are illustrated in figure 5 . It is evident that for all concentrations of Al, the B containing BAlGaN alloys lead to a larger bound charge at the BAlGaN/InGaN interface compared to the AlGaN/InGaN interface. Hence, we suggest the incorporation of B in the AlGaN regions of the tunnel junction can be used to obtain larger bound charges and in turn a lower tunnel junction resistance in UV optoelectronics.
Conclusion
In summary, we have presented comprehensive design details of electrically-pumped AlGaN-based UV-B laser diodes that can provide lower threshold voltage and continuous-wave operation. The design utilizes interband tunneling to replace the highly-resistive p-doped layers on top of the active region by an n-doped region. Our calculations also show we expect device performance to improve further with the use of boroncontaining AlGaN layers in the tunnel junctions. In our future efforts, we will grow wz-BAlN layers with controlled boron content by MBE to achieve its full potential. After optimizing the materials growth and finding the reasonable interface or surface roughness of these layers, we will then fabricate such boron-containing tunnel justion test structures to explore our theoretical designs proposed here.
